Objective: We tested the hypothesis that brain pathology is associated with the rate of progression of physical frailty in older adults.
these studies began, and participation in the annual follow-up evaluations exceeds 90% of survivors and the autopsy rate exceeds 85%. To calculate the rate of change in frailty, only cases with 2 or more valid frailty measures were included. At the time of this study, postmortem indices had been collected from 879 brains. There were 4 cases missing clinical frailty measures (0.5%) and 84 cases (9.6%) that had only one clinical frailty measure before death, leaving 791 cases for these analyses (ROS: 458; MAP: 333).
Standard protocol approvals, registrations, and patient consents. The study was approved by the Institutional Review Board of Rush University Medical Center. Written informed consent and an anatomical gift act for brain donation at the time of death was obtained from all study participants.
Clinical evaluation and diagnoses. An annual uniform structured clinical evaluation includes medical history, neurologic examination, and neuropsychological performance tests. 8, 9 Physical frailty. Physical frailty was based on grip strength, timed walk, body composition, and fatigue and summarized in a previously established continuous composite measure. 4 Grip strength was measured with the Jamar hydraulic hand dynamometer (Lafayette Instruments, Lafayette, IN). Gait was based on the time to walk 8 feet. Body composition was based on body mass index (BMI). As done in previous studies of frailty, we used 2 questions derived from a modified version of the Center for Epidemiologic Studies-Depression Scale. [2] [3] [4] [5] 10 Higher frailty values indicate poorer performance and lower frailty values indicate better performance. Composite frailty is highly correlated with the categorical measure used by other investigators, and is associated with incident disability, mortality, mild cognitive impairment, AD, and cognitive decline. [2] [3] [4] [5] 10 Comorbidities and other covariates. Sex and years of education were recorded at the baseline interview. Age in years was computed from self-reported date of birth and clinical evaluation date. Dementia was diagnosed in a 3-step process. Nineteen cognitive tests were scored by a computer and reviewed by a neuropsychologist to diagnose cognitive impairment. Then participants were evaluated by a physician who used all cognitive and clinical data to diagnose dementia. 8, 9 Parkinson disease (PD) was based on a history of PD for which the participant received treatment with levodopa. 11 Seven chronic diseases were documented at baseline based on selfreport of hypertension, diabetes, myocardial infarction, cancer, thyroid disease, head trauma, and stroke. History of stroke was diagnosed at the clinical evaluation by a neurologist on the basis of a uniform structured examination and medical history. 8, 9 Disability was assessed at baseline with the 6-item Katz scale. 12 Postmortem indices. Brain removal, tissue sectioning and preservation, and a uniform gross and microscopic examination with quantification of postmortem indices followed a standard protocol that is detailed in previous publications. 10, 11, 13, 14 Postmortem indices included the presence of chronic macroinfarcts and microinfarcts as well as semiquantitative measures of cerebral atherosclerosis, arteriolosclerosis, and nigral neuronal loss, and a summary measure for AD and Lewy body disease pathology described in appendix e-1 on the Neurology ® Web site at www.neurology.org.
Statistical analyses. Pearson correlations were used to compare the relationship between baseline frailty and demographic variables; a t test was used to compare frailty between men and women. We used separate mixed-effect models 15 to assess the relation of each brain pathology with the baseline level of frailty and its annual rate of change. The core model included terms for time in years since baseline, which indicates the average annual rate of change in frailty for a typical participant, as well as terms for brain pathology and a term for its interaction with time since baseline. All models included terms for age, sex, and education and their interactions with time. In subsequent models, we added interaction terms to determine whether the association of pathology and change in frailty varied by the presence of dementia during the course of the study, baseline level of disability, or chronic health conditions. The same approach described above for composite frailty was used to examine 3 of its 4 components. Because its fourth component, fatigue, involves only 3 levels, we modeled the odds of having higher vs lower fatigue levels using generalized linear mixed models with a random intercept and a cumulative logit link. 15 Models were examined graphically and analytically and assumptions were judged to be adequately met. A priori level of statistical significance was 0.05. Programming was performed in SAS version 9.3 (SAS Institute Inc., Cary, NC). 16 RESULTS Clinical characteristics of participants at baseline and summary of postmortem indices. There were Table 1 Clinical characteristics at study entry and postmortem indices (N 5 791) Brain pathology and progression of frailty. First, we examined person-specific differences in the annual rate of change in frailty using a mixed-effect model controlling for age, sex, and education and their interactions with time. Average follow-up was 6.4 years (SD 5 2.80; range 2-14). The rate of change in frailty ranged from 20.04 to 0.27 unit/year, but on average, frailty increased by approximately 0.12 unit per year (estimate 0.117, SE 0.035, p , 0.001).
As illustrated in figure 1 , nearly all of the cases showed increasing frailty (n 5 788, 99.6%) during the course of this study. The rate of increasing frailty did not vary with sex but did vary with baseline age and education. Each additional year of age at baseline was associated with a 1.4% more rapid increase in frailty (time 3 age: estimate 0.002, SE 0.001, p 5 0.012). By contrast, for each additional year of education, at baseline there was a 2.6% slower rate of increasing frailty (time 3 education: estimate 20.003, SE 0.001, p 5 0.009).
Next, we added terms for each of the 7 pathologies to determine which pathologies were associated with rate of progression of frailty. The presence of macroinfarcts, AD, Lewy body disease pathology, and nigral neuronal loss was associated with a more rapid progression of frailty during the study, whereas the presence of microscopic infarcts, arteriolosclerosis, and atherosclerosis was not (table 2) . Each of these pathologies alone explained up to 3.6% of the variance of progression of frailty unexplained by demographic variables alone.
In a final joint model including the 4 pathologies that were associated with progressive frailty, macroinfarcts, AD pathology, and nigral neuronal loss showed independent associations with the progression of frailty, whereas Lewy body pathology did not (data not shown). In a further analysis, we estimated the total variance of the rate of progressive frailty accounted for when these 3 pathologies were sequentially added to a single model. Together, these 3 pathologies accounted for more than 8% of the variance unexplained by demographic variables alone (table e-1). Figure 2 illustrates the additive effects of these 3 pathologies on the rate of progression of frailty by showing the trajectory of progressive frailty for 4 average participants with increasing pathologies. The rate of increase in frailty for a participant with high levels of AD pathology (90th percentile), macroinfarcts, and severe nigral neuronal loss was almost 2.5 times more rapid than in an individual with only low levels of AD pathology (10th percentile).
Brain pathology, other covariates, and progression of frailty. To ensure that our findings linking AD pathology to the progression of frailty were not attributable to cases with dementia, we investigated whether the associations of brain pathology and the rate of change in frailty varied with the presence of dementia during the course of the study. We added terms to the models in table 2 to examine whether there was a 3-way interaction such that the association of brain pathology and the rate of change in frailty varied with dementia. The association of brain pathology and the progression of frailty did not vary between individuals with and without dementia except for nigral neuronal loss, which showed a more rapid progression of frailty in individuals with dementia (table e-2). Although at baseline ROS participants were on average younger (ROS, 80.3 years vs MAP, 83.2 years) and had more education (ROS, 18.1 years vs MAP, 14.5 years), the association of pathology and progression of frailty did not vary by study (table e-2). Using a similar approach, we found that the severity of baseline disability or the number of chronic health Person-specific paths of progressive frailty
The figure is organized according to the age of the participant at each evaluation; the length of each line relative to the x-axis indicates the total years of observation for that individual. The figure is estimated for a 25% random sample of the cohort and shows smoothed person-specific paths estimated from a random-effects model with a term for time and controlled for age, sex, education, and their interaction with time.
conditions did not affect the associations of brain pathology and the rate of change in frailty (table e-2).
In a final series of sensitivity analyses, we excluded 30 cases (3.8%) with a history of PD who had received levodopa and the associations of brain pathologies and the progression of frailty in table 2 were unchanged (results not shown).
Brain pathology and progression of the components of frailty. Because frailty is a multidimensional construct, it is possible that brain pathology may be associated with some of the individual components of frailty but not others. We repeated the analyses described above to determine the associations of brain pathology with the rate of change in grip strength, walking speed, and BMI. Levels of AD pathology and nigral neuronal loss were associated with the rate of decline in grip strength (table 3) . Macroinfarcts, atherosclerosis, AD pathology, and nigral neuronal loss were associated with the rate of declining walking speed (table 3) . Brain pathology was not associated with the rate of change in BMI or fatigue (table 3) . Atherosclerosis, AD pathology, and nigral neuronal loss were associated with the rate of change in a composite measure based on grip strength and walking speed (table 3) . DISCUSSION In this clinical-pathologic cohort study of almost 800 older persons, nearly all the participants (.95%) showed progressive frailty during up to 14 years of follow-up. The rate of progression of frailty increased more rapidly with increasing age. Postmortem examination showed evidence of one or more brain pathologies in more than 95% of individuals. The presence of common brain pathologies including cerebrovascular disease, AD, and PD was associated with more rapid progression of frailty and in particular with more rapid decline of walking speed. These associations did not vary with the presence of clinical dementia, baseline level of disability, or the presence of chronic health conditions. These data suggest that the accumulation of diverse subclinical brain pathologies contributes to progressive frailty in older adults.
This study confirms that frailty is a progressive disorder in which rate of progression accelerates with increasing age. 4, 5 Although there is increasing recognition of the growing public health challenge of frailty in our aging population, its underlying pathology is unclear. In contrast to a prior study, 10 the current, much larger study found that not only AD pathology but also several cerebrovascular pathologies, as well as nigral neuronal loss, a common finding in PD, were associated with the rate of progression of physical frailty in community-dwelling older adults. These associations were robust and unchanged after controlling for baseline chronic health conditions and disability and excluding cases with PD and did not vary by dementia status. Finally, the associations of these different pathologies with progressive frailty were additive (figure 2). Linking progressive frailty with common brain pathologies provides a host of potential new targets and pathways that may lead to interventions that prevent or ameliorate progressive frailty in older adults. Furthermore, it also suggests that there may be a much larger number of frail older adults who may benefit from treatments that have been developed for traditional neurologic diagnoses such as PD and stroke.
The basis for the association between brain pathology and frailty is uncertain and likely differs for each type of pathology. Frailty and brain pathology might be caused by a common underlying pathophysiology (e.g., inflammation, energy production, stress). 17, 18 Alternatively, analogous to pulmonary and cardiovascular pathology, subclinical brain pathology may manifest as frailty. 19 Cross-sectional studies in the current cohorts as well as by other groups have suggested that several core components of frailty including strength, gait, and body composition are associated with AD, PD, and cardiovascular disease pathologies that were examined in the current study. 10, 11, 14, 20 The current analyses that link AD pathology and progressive frailty extend a prior study in one of the cohorts included in this study, which showed a cross-sectional link between AD pathology and frailty proximate to death. When examined alone, both Lewy body pathology and nigral neuronal loss, which characterize PD, were associated with progressive frailty (table 2) . When both were considered together in a single model, Lewy body pathology was no longer associated with frailty (table e-2), consistent with prior studies suggesting that Lewy body's association with the severity of parkinsonism is mediated through nigral neuronal loss. 11, 21 Whereas several cardiovascular disease pathologies were related to progressive frailty when considered alone (table 2) , when considered together only macroinfarcts remained associated with frailty, and its inclusion confounded the marginal association of arteriolosclerosis with progressive frailty. Furthermore, whereas strength and gait were associated with brain pathology, BMI and fatigue were not, suggesting that the brain pathologies examined in the current study may not contribute to all aspects of frailty to the same degree (table 3) . Nonetheless, these results extend prior cross-sectional studies by showing that the subclinical accumulation of brain pathologies may lead to progressive physical frailty in older adults in whom clinical symptoms may not warrant traditional neurologic diagnoses such as dementia, stroke, or PD.
The current study has implications for identifying older individuals at risk of AD and PD. It has been suggested that frailty develops when age-associated degenerative processes overwhelm reserve capacity and reparative processes that maintain function of the nervous system and other physiologic systems. 19 Our data suggest that this may not be a global process, but rather a multifactorial process whereby some conditions contribute to frailty whereas others do not. Our finding that subclinical AD and PD pathology contributes to frailty suggests that physical frailty may be a harbinger or preclinical manifestation of these diseases. For example, we now recognize that AD pathology accumulates over many years and is frequently observed in brains from older adults without dementia. 22, 23 In fact, in one of the cohorts, we previously showed that progression of frailty was associated with incident AD. 5 However, the variance of progressive frailty explained by neuropathologies in the current study was modest. This raises the possibility that other pathologies that were not measured may have a more essential role in progressive frailty. An alternate explanation of the association of nigral neuron integrity (i.e., a semiquantitative assessment of neuron density) with progressive frailty is that the substantia nigra represents a structural component of neural reserve that contributes to brain reserve capacity. 24 Thus, it will also be important to identify other factors in the brain that confer protective benefit (i.e., neural reserve or resilience) by reducing the deleterious effect of brain pathology on frailty in older adults. 25 Our study also has some limitations. The findings are based on a selected cohort that differs in important ways from older persons in the general population regarding education, socioeconomic status, and lifestyle. It is important to investigate these findings in more diverse cohorts. Although accumulating brain pathology may cause progressive frailty, it is also possible that accumulating brain pathology and frailty share a common underlying pathophysiology, or more likely, that both occur. This study was large because on an individual level the effect sizes are small. Nonetheless, from a public policy perspective, given the extent of frailty in old age, even the modest effect sizes observed in the current study are likely to be important. Further studies are needed to more fully explicate the types and locations (i.e., brainstem, spinal cord, muscle, and nerve) of other pathologies that underlie physical frailty in old age. Confidence in these findings is enhanced by several factors. Participants underwent detailed annual structured clinical examinations for up to 14 years, with more than 90% follow-up participation in survivors and a high autopsy rate. Uniform structured procedures were followed with masking of previously collected and postmortem data, reducing the potential for bias. Furthermore, analyses controlled for potentially confounding variables.
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